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Background: Vasoconstriction, an inherent property of Hemoglobin Based Oxygen Carriers (HBOC)
potentially due to nitric oxide (NO) scavenging, may increase cardiovascular complications in HBOC
resuscitated trauma patients. The purpose of this study was to determine if co-administration of a weak
NO donor, intravenous nitroglycerin (NTG), with HBOC-201 during resuscitation from hemorrhagic shock
could safely attenuate HBOC-201 vasoconstriction.

Methods and resuits: Hemorrhagic shock was induced in 44 swine randomized to receive fluid resusci-
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tation with HBOC, HBOC + NTG 10 mcg/kg/min, HBOC + NTG20 mcg/kg/min, HBOC + NTG40 mcg/kg/min,
Hetastarch (HES), HES+NTG20mcg/kg/min, NTG20 mcg/kg/min and Lactated Ringers (LR). HBOC
resuscitation from hemorrhagic shock increased mean arterial pressure (MAP=941+33 mmHg),
mean pulmonary artery pressure (MPAP=29%11mmHg) and systemic vascular resistance
(SVR=2684 + 871 dyns/cm®) in comparison to HES. Co-administration of NTG during HBOC resuscita-
tion attenuated vasoconstriction with HBOC + 40 mcg/kg/min demonstrating the most robust reduction
in vasoconstriction (MAP=59+23mmHg, MPAP=18+7mmHg, and SVR=1827+511dyns/cm?),
although the effects were transient. Co-administration of NTG with HBOC did not alter base deficit,
lactate, methemoglobin levels, nor cause profound hypotension during resuscitation.
Conclusion: Nitroglycerin attenuates vasoconstrictive properties of HBOC when co-administered during
resuscitation in this swine model of hemorrhagic shock. Translational survival studies are required to
determine if this strategy of attenuation of the vasoconstriction of HBOC-201 reduces cardiovascular
complications and improves outcome with HBOC fluid resuscitation for hemorrhagic shock.

© 2010 Elsevier Ireland Ltd. All rights reserved.

Hemoglobin Based Oxygen Carriers (HBOC) hold great promise

HBOC have clouded discussions about further human trials of

for the treatment of hemorrhagic shock. However, HBOC have failed
to improve survival in trauma clinical trials.! Vasoconstriction, an
inherent property of HBOC, may increase cardiovascular compli-
cations in trauma patients resuscitated with HBOC and this may
explain in part why HBOC, in their current form, fail to improve
survival. These concerns about the vasoconstrictive properties of

¥ A Spanish translated version of the abstract of this article appears as Appendix
in the final online version at doi:10.1016/j.resuscitation.2009.12.015.

*% The views expressed in this article are those of the author and do not necessar-
ily reflect the official policy or position of the Department of the Navy, Department
of Defense, nor the U.S. Government.

* Corresponding author at: Campus Box 7594, Physician Office Building 1st Floor
Room p1114, 170 Manning Drive, Chapel Hill, NC 27599, United States.
Tel.: +1 919 843 1966 fax: +1 919 966 3049.
E-mail address: LKatz@med.unc.edu (L.M. Katz).

0300-9572/$ - see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.resuscitation.2009.12.015

HBOC.2

HBOC scavenge nitric oxide (NO) and the reduction of NO may
induce vasoconstriction.3 Nitroglycerin (NTG) is a weak NO donor
that causes vasodilatation.’¢ Nitroglycerin is also commonly used
for the treatment of acute cardiovascular disease.” The effects of
administering nitroglycerin during HBOC fluid resuscitation from
hemorrhagic shock are not well studied, but may offer a practical
agent for attenuating the potential vasoconstrictive complications
of HBOC.

The purpose of this study was to examine the cardiovascular
and metabolic effects of co-administration of intravenous NTG with
HBOC-201 during resuscitation from hemorrhagic shock in a swine
model. HBOC-201 is an ultra-purified glutaraldehyde-polymerized
bovine hemoglobin solution that improves the delivery of oxygen
to tissues, is stable between 2 and 30 °C for at least 3 years, requires
no reconstitution, and could be readily available for use by emer-
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Table 1

Cardiovascular parameters during baseline, fluid resuscitation (resuscitation) and times during early and late recovery. HBOC =Hemoglobin Based Oxygen Carrier alone, HBOC-NTG10=HBOC co-administered with
NTG10 meg/kg/min, HBOC-NTG20 = HBOC co-administered with NTG20 mcg/kg/min, HBOC-NTG40 = HBOC co-administered with NTG40 mcg/kg/min, HES = Hetastarch, HES-NTG20 = HES co-administered with NTG20 mcg/kg/min,
NTG = NTG20 mcg/kg/min alone. Values reported as means + standard deviations. Statistical significance in comparison to the HBOC alone group.

Intervention HBOC HBOC-NTG10 HBOC-NTG20 HBOC-NTG40 HES HES-NTG20 NTG20
Baseline
MAP (mmHg) 96 + 10 80+9 84114 88+11 88+11 86+12 88+6
HR (bpm) 97 £12 89+13 98+12 919 94+22 90+ 11 98412
CO(L/min) 432 +£0.78 3.51+0.57 3.97+0.88 3.61+0.54 3.35+048 3.79+0.78 3.97 +£0.55
MPAP (mmHg) 20+ 3 16+3 173 17+2 215 17+4 16+2
SVR (dynsjcm®) 1738 + 404 1760 +548 1666 + 616 1944 +438 2017 +£383 1696 +295 1726 £249
Resuscitation
MAP (mmHg) 94 + 33 77127 p=0.011 66+28 p<0.0001 59+23 p<0.0001 59+23 p<0.0001 44114 p<0.0001 2419 p<0.0001
HR (bpm) 131 £ 43 134+£46 133+ 41 132+40 143 +40 13740 168 £42
CO(L/min) 3.11 £ 092 342+0.8 3 3.56+1.58 3.25+1.15 423+1.86 3.87+1.33 0.83 +£0.47p <0.0001
MPAP (mmHg) 29+ 1 20+7 p<0.0001 18+7 p<0.0001 18+7 p<0.0001 19+6 p<0.0001 17+3 p<0.0001 113 p<0.0001
SVR (dyns/cm®) 2684 + 871 1934 £402p <0.0226 1786 £795p <0.0069 1827 +511p <0.0016 1252 +292p =0.0004 810+ 162 p<0.0001 2242517
Recovery (30-45 min)
MAP (mmHg) 123+ 13 1098 11012 10213 p=0.001 72420 p<0.0001 73+16 p<0.0001 32419 p<0.0001
HR (bpm) 103 +9 99+18 108 +:27 101+16 115427 111£12 180+55 p=0.001
CO(L/min) 3.85 + 0.96 3.83+0.52 4.50+1.81 3.72+£0.65 4.37+144 5.57+1.72 147 +0.71p=0.0011
MPAP (mmHg) 40+ 6 30+5 p=0.0007 32+4 p=0.0029 307 p=0.0005 20+3 p<0.0001 21+3 p<0.0001 12+4 p<0.0001
SVR (dynsfcm®) 2480 + 717 2138429 2028 744 2129 +568 1256 £317p=0.0003 946 + 151 p<0.0001 2008 +114
Recovery (60-90 min)
MAP (mmHg) 124+ 9 1147 1179 1M7+£12 82+8 p<0.0001 96+20 p<0.0001 51+16 p<0.0001
HR (bpm) 99 + 12 87+10 95422 89+ 11 120+ 34 124+6 229+9 p<0.0001
CO(L/min) 3.69 + 1.02 3.50+0.62 4.02+1.67 3.47+0.59 4.84+1.43 6.08 +1.22p=0.0078 1.72+0.68 p=0.042
MPAP (mmHg) 33+6 26+4 p=0.0018 28+4 p=0.0281 26+5 p=0.0032 19+3 p<0.0001 21+3 p<0.0001 13+2 p<0.0001
SVR (dynsfcm®) 2679 + 872 2519+ 584 2388 +793 2557 +679 1374 £ 545p=0.0023 1126 +278p =0.0009 2102+ 81
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Table 2
Metabolic parameters during baseline, fluid resuscitation {resuscitation) and recovery. HBOC = Hemoglobin Based Oxygen Carrier alone, HBOC-NTG10=HBOC co-administered with NTG10 mcg/kg/min, HBOC-NTG20=HBOC
co-administered with NTG20 mcg/kg/min, HBOC-NTG40 = HBOC co-administered with NTG40 mcg/kg/min, HES = Hetastarch, HES-NTG20 = HES co-administered with NTG20 mcg/kg/min, NTG = NTG20 mcg/kg/min alone. Values

reported as means + standard deviations. Statistical significance in comparison to the HBOC alone group except for MetHb where significance reported in comparison to Hetastarch.

Intervention HBOC HBOC-NTG10 HBOC-NTG20 HBOC-NTG40 HES HES-NTG20 NTG20

Baseline
Base deficit 58:+2.0 57420 6.6+ 1.1 51+13 36+23 42410 80+64
Lactate 14+0.6 1.1+04 1.7+09 12+05 1.7+05 21105 23116
Hemoglobin 95+0.7 92+09 92+0.5 92+1.2 98112 94+1.0 88+0.5
Methemoglobin 1.8+0.2 1.7+£02 1.8+0.1 1.6+£0.2 1.7+£0.2 19+04 1.8+0.3

Resuscitation
Base deficit -05+2.0 -12+£20 -1.8+35 -27£25 -3.8+4.5p=0.0145 -28+15 20+58
Lactate 32407 43+1.6 3.5+13 44116 3.7+£1.0 43106 59+13
Hemoglobin 9.8+0.6 99+0.8 9.9+0.7 9.6+09 5.6+ 1.9 p=0.0207 5.5+ 1.8p=0.0284 9112
Methemoglobin 2.7+0.4 p=0.002 2.6+05p=0.025 2.7+0.3 p=0.008 2.7+0.4p=0.0173 15+05 1.8+04 1.8+03

Recovery (30-60 min)
Base deficit 3.1+20 34420 32+28 1.6+20 ~04+4.0p=0.0173 1.1£15 -4.4+24p=00109
Lactate 26+0.5 27+1.1 35+13 3.1+1.8 3519 3.5+04 7.7 £04 p<0.0001
Hemoglobin 98+0.6 9.0+0.8 9.0+0.8 9.1+0.6 4.0+1.2 p<0.0001 3.3+1.0p<0.0001 93x1.6
Methemoglobin 3.7+0.4p <0.0001 3.8+0.4p <0.0001 3.8+0.4p <0.0001 3.7 +£0.4p <0.0001 1.8+0.6 16+04 19x0.3

Recovery (60-90 min)
Base deficit 55+27 6313 66+19 51+1.6 27+24 39+1.1 -3.0+1.2p<0.0001
lLactate 14+04 1.3+05 1.8+0.8 16+1.1 2.0+0.6 2.6+04 p=0.049 7.1+0.5 p<0.0001
Hemoglobin 89+03 87105 9.0+0.8 9.0+0.6 4.2+ 1.4 p<0.0001 3.0+0.8p <0.0001 88+04
Methemoglobin 4.5 +0.5p <0.0001 4.7 +0.6p <0.0001 4.6 +£0.3p <0.0001 4.4 +0.4p <0.0001 1.9+£05 1.6+04 1905

Recovery (90-120 min)
Base deficit 64+22 75+12 8018 6.0+1.8 4.1+23 52+1.1 -3.2+3.0p<0.0001
Lactate 1.2+0.3 09+02 1.2+0.5 1.0+0.6 1.6+0.6 1.8+0.2 7.8+ 1.6 p<0.0001
Hemoglobin 89+05 8705 8804 89+0.7 4.3+ 1.7 p<0.0001 3.3+1.0p <0.0001 82+4
Methemoglobin 5.0 £0.5p <0.0001 5.3+0.7p <0.0001 5.2+ 0.4p <0.0001 4.9+0.3p<0.0001 1.6+04 1.6+0.6 1.8+0.6
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attenuate HBOC vasoconstriction in vitro, ex vivo and in vivo.23-29
Our results support the finding that the NO donor NTG attenuates
HBOC vasoconstriction in the setting of hemorrhagic shock. Nitro-
glycerin reduces vascular resistance in small and large vessels
by endothelial independent, NO mediated vasodilatation.303!
However, nitroglycerin does not eliminate these vascular effects
during recovery and additional studies are required to determine
whether increased dosing of NTG or repeated doses of NTG
can eliminate the vasoconstriction of HBOC and whether these
alterations have clinical significance. NTG alone did not induce a
profound further drop in blood pressure nor vasodilatation during
resuscitation from hemorrhagic shock even though endothelial
independent vasodilatory properties are reportedly preserved
during hemorrhagic shock.32 These findings suggest that there
may be a margin of safety when NTG is co-administered with HBOC
during resuscitation from hemorrhagic shock. As expected, HBOC
caused mild elevations in MetHb levels during resuscitation since
the free hemoglobin present in HBOC auto-oxides in the circulation
and forms methemaglobinemia.33 The level of MetHb in this study
was well below that which causes toxicity or reductions in oxygen
delivery to tissues33 and the addition of NTG to HBOC did not
elevate MetHb levels further. Since NTG is used in clinical practice
to reduce infarct size, morbidity and mortality from acute coronary
ischemia, there may be fewer obstacles to regulatory approval of
NTG versus experimental agents as a drug to co-administer with
HBOC.734

HBOC reduced base deficit and lactate levels compared to the
non-oxygen carrying Hetastarch solution during resuscitation from
hemorrhagic shock in this large animal model. These findings are
consistent with our earlier work and reports by others.!213.35 How-
ever, intravenous NTG, co-administered with HBOC-201 neither
worsened nor improved base deficit or lactate levels during resus-
citation compared to HBOC alone. These results indirectly suggest
that the NTG induced attenuation of HBOC vasoconstriction does
not compromise HBOC delivery of oxygen to tissues, although oxy-
gen delivery was not directly evaluated in this study.

Mesenteric arterial blood flow was reduced during hemorrhagic
shock. Mesenteric blood flow was restored during resuscitation in
all groups except the NTG alone treatment group. Even though
NGO vasodilatation is more dependent on flow than pressure3® it
is likely that the failure of NTG to increase mesenteric blood flow
during resuscitation represents the failure of NTG as a resuscitation
fluid to sufficiently raise blood pressure during resuscitation ver-
sus a release of NO and vasodilatation of the mesenteric circulation,
Unfortunately, mesenteric vascular tone was not measured in this
study.

3.1. Limitations

The modified Wigger's'4 large animal model used in this study
produced relatively mild shock, had no tissue injury, no continued
bleeding during resuscitation and the survival time after resusci-
tation was relatively brief, so the results have limited translational
value.'237 However, the study design allowed for the evaluation of
the cardiovascular and metabolic changes when nitroglycerin was
co-administered with HBOC-201 during resuscitation from hemor-
rhagic shock while controlling the confounding variable of volume
status.3® This mechanistic study was a necessary step to identify an
agent that has the potential to attenuate HBOC-induced vasocon-
striction. The results of this study provide a frame of reference for
dosing information necessary for the further development of trans-
lational survival studies for NTG and HBOC administration during
resuscitation from hemorrhagic shock.

The fixed doses of co-administered NTG used to attenuate HBOC
vasaconstriction in this swine model are higher than those nor-

mally used in clinical practice.!13940 The study design does not
allow us to determine whether these high doses are species specific
or a consequence of hemorrhagic shock. We did one pilot experi-
ment with escalating doses of NTG in a euvolemic swine and did
not observe a decrease in blood pressure until the dose reached
10 mcg/kg/min, but additional studies will be required to confirm
this observation. In addition, dose escalation studies will be neces-
sary to establish dose response curves in humans.

4. Conclusion

Nitroglycerin attenuated the vasoconstrictive properties of
HBOC-201 without causing significant hypotension or clinically
relevant methemaglobinemia when co-administered during resus-
citation in a swine model of hemorrhagic shock. Translational
survival studies are required to determine if this strategy of atten-
uation of the vasoconstriction of HBOC-201 reduces potential
cardiovascular complications and improves outcomes with HBOC-
201 fluid resuscitation for hemorrhagic shock.
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